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I. Introduction
The Rayleigh-Taylor (RT) instability at the ablation front in an inertial confinement fusion capsule has been the subject of considerable investigation. Much of this research has been concentrated on planar experiments, in which RT growth is inferred from radiography. The evolution is somewhat different in a converging geometry; the spatial wavelength decreases (affecting the onset of nonlinear saturation), and the shell thickens and compresses rather than decompressing as in a planar geometry. In a cylindrically convergent geometry, the latter effect is proportional to the radius, while in spherically convergent geometry, the latter effect is proportional to the radius squared 1-3 .
Past experiments were performed in cylindrical geometry 4, 5 (using both direct and indirect drive). These experiments concentrated on imaging a buried tracer layer and examining the feed through of modulations during the stagnation of the imploding layer, rather than the growth at the ablation front as was the goal of the experiments reported here. Experiments have been performed in spherical geometry using direct drive 6, 7 , using the same technique of transmission radiography which we have used.
Linear, classical theory may be used to understand the difference in growth between spherical and planar geometry. Using the terminology of Ref. 1, the expression for modulation growth at the outer surface of a compressible spherical shell is given bẏ˙˙˙˙˙ċ
where c is the normalized amplitude (the spatial amplitude, η, divided by ρR 2 ), l is the Legendre mode number, and R is the unperturbed interface position. We refer to this as Bell-Plesset theory.
The equation without the term proportional to ċ is similar to the classical Rayleigh-Taylor growth in planar geometry, where l/R would be replaced by the wave number k. Early in the implosion, as convergence increases and R decreases, the difference between planar and convergent will appear as a higher linear growth rate for decreasing spatial wavelengths, followed by an earlier onset of nonlinear saturation in convergent than in planar geometry. The term proportional to ċ is unique to spherically convergent geometry and leads to increased growth. A more complete linear theory of the stability of ablation fronts in convergent geometry is found in Goncharov 8 . This paper describes four different experiments comprising an examination of the effects of convergence in radiation-driven targets: two are convergent and two are similar planar geometry experiments for comparison. Three different experimental configurations were used. In both the planar experiments, a corrugated foil was placed at the wall of a cylindrical gold hohlraum, with corrugations facing the inside of the hohlraum. In one of the convergent experiments, the corrugated sphere was also mounted at the wall of the hohlraum (with the corrugations facing the drive), and thus driven as a hemispherical implosion. In the other implosion configuration the corrugated sphere was mounted at the center of the hohlraum for improved convergence. We report the results of the experiments here, and compare them with analytical expressions and with two-dimensional radiation hydrodynamic simulations performed with the Lagrangian codes FCI2 9, 10 and LASNEX 11 .
II. Experimental configurations
The experimental configurations are shown in Figure 1 . Eight beams of Nova were used to illuminate cylindrical gold hohlraums, with laser pulses of either 2.2 or 4.5 ns duration. The hohlraum, sample, and laser parameters for the different experiments are shown in Table I . Two diagnostic holes were cut in the hohlraums to allow face-on radiography of the capsule or foil.
For brevity, we refer to the four configurations as P-26, C-26, P-35, and C-35 for the planar and convergent 2.2 ns (Nova "PS26") drive and planar and convergent 4.5 ns (Nova "PS35") drive throughout this paper. The laser pulses and resulting x-ray drives for the different cases are shown in Figure 2 . The radiography diagnosis is provided by two Nova beams, which illuminated a separate target, either of rhodium, scandium, or titanium, providing x-rays between material was rhodium., for the P-35 experiment it was scandium, and for the C-35 experiment it was titanium. The resulting (time-integrated) spectra were measured with a crystal spectrometer 12 and are shown in Figure 3 
III. Experimental results
Typical images from the experiments are shown in Figure 6 . The images in the top are the P-26
and C-26 at various times, and those in the bottom row the P-35 and C-35. The images show the evolution into the weakly nonlinear regime, as the dark (more opaque) spikes become narrower than the light (less opaque) bubbles. The convergent experiment images also show the decrease in wavelength due to convergence. The C-35 experiment had certain special requirements. Because it used a larger hohlraum and longer laser pulse than had been previously used for implosions, the time-dependent symmetry of the imploding capsule had not been determined. Asymmetric implosions would result in, at minimum, difficult to interpret images and distortion modes have been shown 5 to couple to imposed spatial modulations in the nonlinear regime, further complicating the interpretation of the experiment. Therefore a pointing scan was used to determine the pointing of best symmetry.
The symmetry was determined by the distortion of the ablation front (point of maximum increase in transmission) in the capsule images. The best pointing was predicted from an analytical model of Lindl 15, 16 and agreed with the measurement. Most of the distortion controllable by pointing is a Legendre mode 2; some distortion at mode 4 was measured at a low level (about 8-10% of the radius at the latest times).
Another special feature of the C-35 experiments was the clear visibility of the imploding shell, as shown in Figure 9a . This allowed the determination of the density and thickness of the shell by Abel inversion 17 of the images. Because of the modulations on the capsules, which extend to the shell at θ=90° and 270° (where θ=0° is the hohlraum axis), radial profiles were taken of 20°s ectors around θ=0° and 180° and the profiles at the two angles were averaged to reduce noise.
The result of this process for one image is shown in Figure 9b . The assumption of spherical symmetry required for an Abel inversion is broken by the residual distortion present in the implosion even at best pointing. Numerical investigations of the effect of the distortion for the typical values for our experiment showed that the inferred shell thickness was increased at 0° by about 15%, and the inferred density reduced by about the same amount, over a shell with no P 4 mode. By post-processing a capsule simulated using LASNEX in 1D to produce a predicted image, including diagnostic resolution, and then inverting this image in the same manner as the data, we produced a simulated density and shell thickness. The simulated and inferred density and shell thickness are shown in Figures 10 a and b . Both the simulated and measured densities increase about a factor of 2, while the shell thickness increases about a factor of 3.
IV. Numerical simulations
Simulations were done with two radiation hydrodynamics codes, FCI2 and LASNEX.
Simulating the experimental x-ray radiographs was a multistep process, particularly for the C-26
configuration. In that case, we first estimated a mean radiation drive temperature on the wallmounted capsule using a 3D view factor code. This code included radiative transport but no hydrodynamics and allowed us to estimate the effect on the X-ray drive of non-axisymmetric laser beams. On top of the capsule, in the angular range 56° to 90° relative to the wall of the hohlraum, peak drive temperatures range between 195 eV and 201 eV, and are quite similar to the peak temperatures obtained with the view factor code for the P-26 experiment. The average drive temperature obtained this way is in good agreement with the radiation temperature shown in Figure 2a .
We then used the 2D radiation hydrodynamics code FCI2 to simulate the hydrodynamic evolution of the capsules and foils. FCI2 is a 2D Lagrangian code with rezoning, including non local-thermodynamic-equilibrium (NLTE) atomic physics, heat conduction with flux limiting, and different radiation packages as described in Refs. 9, 10, 18
The planar experiment P-35 was simulated with the 2D radiation hydrodynamics code LASNEX.
The drive for that experiment was obtained from a LASNEX simulation of a two-dimensional gold hohlraum, and the simulation of the perturbation evolution was similar to that described by Weber et al. 19 An issue of particular concern was the effect of the gold hohlraum wall on the observed perturbation evolution in the C-26 experiment. We did an FCI2 simulation of the capsule surrounded by a gold washer. This simulation showed no disturbance of the observed region before 2.5 ns (after the experiment was over).
V. Discussion
The difference between planar and convergent geometry in the P-26 and C-26 series was evident 
The modes seeded by the drive asymmetry at 5.5 ns (250 µm displacement) in the C-35 experiment are Legendre modes 2 and 4, with measured spatial amplitudes about -7 and +15 µm, respectively. Near θ=90°, where the preimposed mode is measured, these may be approximated by cosines with amplitudes -5 µm and +6 µm. The mode 32 at 5.5 ns had an amplitude of about +50 µm. The coupled modes predicted from Equation 2 are 6, 28, 30, 34, and 36, with amplitudes -0.6 µm, +28 µm, -25 µm, +28, and -36 µm. Because of the opposite phases of the coupled modes, the change in the modulation measured near θ=90° (see Figure 7d ) is about 6%
(well within the uncertainty in the measurement). However, mode coupling will certainly affect the growth of the imposed modulation at angles some distance from 90°. 
where γ is the linear regime exponential growth rate, k is the wave number, g is the acceleration, L is the density gradient scale length, β is a parameter between 1 and 3, and V a is the ablation velocity. We used β = 1.7 for these experiments. The difference in growth between the P-35 and C-35 experiments is about a factor of 2 after 250 µm displacement; however, because of nonlinear saturation and differing acceleration, the difference cannot be completely attributed to convergence. Using Equations 1 and 3 for acceleration profiles from the C-35 experiment and assuming linear growth, the resultant converging shell was predicted to grow a factor of 4 more than a planar foil with the same initial wavelength (50 µm, mode 32). During convergence, the mode 32 wavelength decreased from 78 µm to 31 µm. Equation 3 predicts an increase in growth rate for decreased wavelength. A planar experiment, calculated as above, with a decreasing wavelength would grow a factor of 1.2 more than one with a constant wavelength, so the convergent effects may be separated into about a factor of 1.2 due to decreasing wavelength and a factor of 3.4 due to convergent growth. The predicted growth is ablatively stabilized; a classical interface would grow about a factor of 4 more in either planar or convergent geometry than a stabilized one.
The P-26 and C-26 experiments used a higher temperature x-ray drive, resulting in values for L and V a of about 15 µm and 2.5 µm/ns. Thus, the predicted growth in amplitude is ~6-10. Because of this stability, the difference predicted by Equation 3 between the P-26 and C-26 experiments was only about a factor of 2; about 1.7 of this was due to decreasing wavelength, and about a factor of 1.2 due to convergent growth. Our 2D simulations of these experiments in fact predicted about a factor of 1.9 due to decreasing wavelength and about 1.1-1.2 due to convergent growth (not an observable effect) 24 .
VI. Conclusion
In summary, we have done a series of experiments designed to compare and contrast the behavior of Rayleigh- Taylor Figure 11
